ABSTRACT
Introduction
As electronics technology has advanced, equipment supporting marine navigation has become computerized, and highly automated vessels have begun to appear. Safe, reliable, and rapid goods delivery services are essential for a plentiful and comfortable society. To provide these services efficiently, cargo vessels are expected to increase in size, speed and energy efficiency, and ensuring the safe navigation of these vessels is an important issue. Sea charts are also essential for safe navigation, and Electronic Chart Display and Information Systems (ECDIS) [1] have been realized, able to display radar data overlaid on the charts. This has contributed to radar becoming essential for safe navigation of sea vessels.
The signal received by radar contains reflections from various objects besides the intended targets, such as land, clouds, rain, and the sea surface. All such undesired reflections from non-targets are referred to as clutter. The presence of this sort of clutter can result in false detection of targets or undetected targets, and is a major obstacle to target detection [2] . In order to suppress this clutter and detect targets accurately it is necessary to process the signals to obtain a Constant False Alarm Rate (CFAR), and to accomplish this, it is very important to study the statistical characteristics of clutter, such as the distribution of reflected amplitudes, in detail [2] [3] [4] [5] [6] [7] [8] .
The reflected-clutter amplitude distribution differs depending on what type of objects create the reflection, and reflections from land are called ground clutter, from rain and clouds are called weather clutter, and from the sea surface are called sea clutter [2] .
The amplitude of sea clutter reflections has been reported to increase in proportion to the height of the waves [9] , but there have been no reports discussing how the statistical characteristics of sea-clutter reflection amplitudes are affected by statistical changes in the state of the sea surface. Sea-surface state is characterized by values such as wave period and Significant Wave Height (SWH), which is statistically close to visually observed wave heights. Accordingly, in this research we have taken observations of sea clutter and sea-surface state and compared them statistically to study the effects of sea-surface state on the statistical characteristics of sea clutter.
The paper is organized as follows: In Section 2, we indicate the observations which is included the sea state and the radar observations indicating the observation parameters. A solution to the sea clutter distribution assumptions and the distribution estimation are given in Section 3, and the effect on the reflected amplitude distribution by changes in the sea surface is discussed in Section 4.
Observations
We conducted observations of the sea-surface state at the same time as taking radar measurements. The radar observations were made in areas including the busy Tokyo Bay Uraga Suido Traffic Route and the Daini Kaiho Sea Fortress. The Daini Kaiho Sea Fortress is a fortification initially built on the water at the entrance to Tokyo Bay as part of the captial's defenses, but it is now a facility for ensuring the safety of vessels passing through the Uraga Suido Traffic Route, with equipment such as lighthouses and beacons, and also instruments for measuring the sea state. The observations were taken between April 2, and December 3, 2010, including a total of 106 data points. Radar data obtained during rain was excluded from the study because it includes weather clutter from raindrops in addition to sea clutter. We also excluded data containing targets (ships, etc.) in the specified range where used for analyzing the statistical characteristics of sea clutter. We then assigned an observation number to each of the remaining 65 data points used for the study.
Sea State Observations
Significant wave height (SWH) and wave period data was extracted from ocean wave and the significant wave state data at the Tokyo Bay Daini Kaiho Sea Fortress from the National Ocean Wave information network for Ports and HArbourS (NOWPHAS) [10] .
Radar Observations
The region was observed using X-band radar equipment installed on the roof top at the National Defense Academy in Yokosuka City. The main parameters of the Xband radar are given in Table 1 . Kaiho Sea Fortress. 273 sweeps of the azimuth range were made. The antenna is installed 90 m above sea level, so the grazing angle was 1.4˚. 256 points on each of the range and azimuth axes were taken, totaling 65,536 data points, and the reflection amplitude at each point was quantized to 256 levels, from 0 to 255. As examples of this observed data, data from when the SWH was high (1.27 m) is shown in Figure 2 and leaving vessels passing through it and no reflective objects other than waves. The bump shapes shown surrounded by circles are radar targets: vessels passing through the Uraga Suido Traffic Route (Ships A to E) and the Daini Kaiho Sea Fortress.
Clutter Distribution Assumptions
We then tested conformity to the assumed distributions using the observation data for when the SWH was large and small, as shown in Figure 2 (a) and (b) respectively. Reference [11] gives a method for estimating parameters for a random variable according to various distributions as well as the expected values. In this study, we estimated the parameters using a maximum likelihood estimator.
Assumed Distribution Models
Sea clutter reflection amplitude distributions have been reported to follow K, Weibull, Log-Weibull, and Lognormal distributions [12] , and these have all been studied for use in implementing CFAR [2] . However, there is a known problem [12] with the K-distribution, which is expressed in terms of shape (v) and scale (h) parameters. When sections of the reflected clutter amplitude probability are large, and get larger than a Raleigh distribution (a Weibull distribution with shape parameter of 2), the value of v goes to infinity and it is not possible to calculate the probability density. Thus, when assuming a K-distribution model it was not possible to estimate the distribution for sub-ranges not containing a target, regardless of the SWH, as is shown by the error marks in Tables 2 and 3 . A Weibull distribution can be expressed by the following probability density function.
The Log-Weibull distribution is expressed by the following probability density function.
where, x is the reflected amplitude, b is the scale parameter and c is the shape parameter. The Log-normal distribution is given by the following probability density function.
where, μ is the mean and σ is the standard deviation. The K-distribution is given by the following probability density function.
The Log-Weibull distribution is positioned between the Weibull and Log-normal distributions [2] .
As the highest parts of the reflected clutter amplitude get higher, the Weibull and Log-Weibull distributions tend toward those with higher shape parameter (c) values, and the Log-normal distribution toward shapes with a smaller standard distribution, σ.
where, k ν-1 is a modified Bessel function, and its parameters are a scale parameter, h, and a shape parameter, ν.
For reference, Figure 3(a) shows the changes in the shape of the Weibull distribution when b is fixed and the shape parameter, c, is varied, Figure 3(b) shows how the Log-normal distribution changes when the mean, μ, is fixed and the standard deviation, σ, is varied, and Figure  3(c) shows how the K-distribution changes when the scale parameter, h, is fixed and the shape parameter, v, is
Beam Width and Sub-Ranges
It is generally thought that reflected radar signals are strongly correlated within the antenna beam width, and have similar characteristics [2] . Thus, we divided the 
Distribution Estimation Results
The results of estimating distributions and the log likelihood of each are shown in Tables 2 and 3 . The distribution that is most conforming for each sub-range is underlined in the column of Log likelihood. Entries where the distribution could not be estimated are shown with a dash ('-'). The number of samples for each range is 3072.
From the results of estimating distributions, for subranges not containing ships, the Sea Fortress, or other non-wave reflective objects, the sea clutter amplitude distributions conformed to the Weibull distribution regardless of whether the SWH was high or low. For subranges containing strong reflections from targets and other non-wave objects, ranges where they cause strong reflections clearly conform better to the Log-Weibull and Lognormal distributions, whose probability density distribution curves have long tails. This tendency is particularly striking when the SWH is low. This shows that, regardless of whether the sea clutter reflected amplitude distribution is a Weibull distribution or not, the presence of the target prevents adequate estimation of the distribution. This result shows that threshold-detection CFAR cannot be done accurately, because it sets an amplitude threshold based on the results of estimating the distribution and attempts to detects targets while maintaining a constant false-alarm rate [2, 3] .
As an example of estimation for the ranges containing no target, the observation data for range number 6 (n = 6) and graphs of probability distributions using the coefficients calculated by maximum-likelihood estimation are shown in Figure 4 . The vertical axis is the probability, and the horizontal axis shows the amplitude of the reflected signal. The line-segment graph is the reflectedsignal-amplitude observed data, and the curved lines are the probability density distributions. This confirms, even visually, that for ranges where there is no target the Weibull distribution corresponds better to the data regardless of whether the SWH is high or low.
Effect on the Reflected Amplitude Distribution by Changes in the Sea Surface
In order to investigate how changes in the state of the sea surface affect the statistical characteristics of sea clutter, we analyzed the correlation between the SWH and wave period and the parameters calculated from the distribution estimation, for the 65 observation data sets under study and the range with no reflective objects other than waves (range no. n = 6).
Sea Surface Changes
Changes in the height and period of significant waves during the observation period are shown in Figure 5 . The horizontal axis shows the observation numbers assigned to each observation in order. The results show SWH ranging from 0.21 to 1.27 m and wave period ranging from 3.1 to 5.1 s.
Sea Surface and Estimated Parameter Changes
How the parameters of each distribution changed as the state of the sea surface changed is shown in Figure 6 . The horizontal axis shows observation number, while the vertical axis shows the Weibull distribution shape parameter, c, the Log-Weibull distribution shape parameter, c, and the Log-normal distribution standard deviation, σ.
As the state of the sea surface changed, the shape parameter, c, of the Weibull distribution fluctuated between 1.74 and 6.38, that of the Log-Weibull between 6.38 and 28.17, and the standard deviation, σ, of the Log-normal distribution ranged from 0.214 to 0.576.
Relation between SWH and Estimated Parameters
The correlations between the SWH and the shape parameter, c, for the Weibull distribution, which conformed better when the SWH was both high and low, and the Log-Weibull distribution, are shown in Figure 7 . From this we see that the shape parameter, c, for the Weibull distribution had a correlation coefficient of 0.755, and for Log-Weibull distribution it was 0.794, so the Log-Weibull distribution showed a stronger correlation. 
Relation between Wave Period and Estimated Parameters
The correlation between wave period and the shape parameter, c, for the Weibull and Log-Weibull distributions are shown in Figure 8 . The correlation coefficient for the Weibull shape parameter, c, is 0.436, and for the LogWeibull distribution it is 0.499, so both are only weakly correlated.
Conclusions
We made observations of the sea clutter using X-band radar and the state of the sea surface in the area of the Uraga Suido Traffic Route, where vessels enter and leave Tokyo Bay, including the Daini Kaiho Sea Fortress. We estimated the distribution of the sea clutter reflected amplitudes using Weibull, Log-Weibull, Log-normal and K-distribution models. We then compared the results of estimating the distributions with the sea-surface state data and studied the effects of changes in sea state on the statistical characteristics of the sea clutter. As a result, ranges not containing a target conformed better to the Weibull distribution regardless of SWH, but observed ranges containing a target conforming more to the Log-Weibull distribution when the SWH was high, and conformed to a Log-normal distributions when the SWH was low. Also, for observed ranges not containing a target, SWH and the shape parameter, c, of the Weibull distribution correlated with correlation coefficient of 0.755, and for the Log-Weibull distribution this figure was 0.794. The correlation between wave period and Weibull distribution shape parameter, c, had a coefficient of 0.436, and for the Log-Weibull distribution, the coefficient was 0.449, so both were only weakly correlated to wave period.
In the future, it will be necessary to study new threshold detection CFAR methods that detect targets more accurately by setting thresholds using the distribution estimation results we have studied, and also to examine the use of SWH and other approaches to setting thresholds.
